Metabolic inflammation is closely associated with hyperlipidemia and cardiovascular disease. However, the underlying mechanisms are not fully understood. The current study established that cAMP-responsive-element-binding protein H (CREBH), an acute-phase transcription factor, enhances verylow-density lipoprotein (VLDL) assembly and secretion by upregulating apolipoprotein B (apoB) expression and contributes to metabolic inflammation-associated hyperlipoproteinemia induced by TNFα, lipopolysaccharides (LPS), and high-fat diet (HFD) in mice. Specifically, overexpression of CREBH significantly induced mRNA and protein expression of apoB in McA-7777 cells. Luciferase assay further revealed that the presence of CREBH could significantly increase the activity of the apoB gene promoter. In contrast, genetic depletion of CREBH in mice resulted in significant reduction in expression of hepatic apoB mRNA. Challenging mice with an acute fat load led to upregulation of triglyceride (TG)-rich lipoprotein secretion in wild type mice, but not in CREBH-null mice. TNFα treatment activated hepatic CREBH expression, which in turn enhanced hepatic apoB biosynthesis and VLDL secretion. Metabolic inflammation induced by LPS or HFD also resulted in overproduction of apoB and hyperlipoproteinemia in wild type mice, but not in CREBH-null mice. This study demonstrates that CREBH could be a mediator between metabolic inflammation and hepatic VLDL overproduction in chronic metabolic disorders. This novel finding establishes CREBH as the first transcription factor that regulates apoB expression on the transcriptional level and the subsequent VLDL biosynthesis in response to metabolic inflammation. The study also provides novel insight into the pathogenesis of hyperlipidemia in metabolic syndrome.
Introduction
Hyperlipidemia is a major complication of insulin-resistant conditions, such as obesity and type 2 diabetes, and contributes to an increased risk of cardiovascular disease (CVD) [1] [2] [3] . One key mechanism underlying hyperlipidemia in metabolic syndrome is the overproduction of apolipoprotein B (apoB), the essential structural protein of the triglyceride (TG)-rich lipoproteins, i.e., very-low-density lipoproteins (VLDL) and chylomicrons [1] . Clinically, apoB is more closely associated with central adiposity, insulin resistance, and inflammation than low-density lipoprotein (LDL) cholesterol and non-highdensity lipoprotein (HDL) cholesterol (the cholesterol from lipoproteins other than HDL). Thus, the abundance of apoB in circulation has been proposed to be a better biomarker than LDL cholesterol and non-HDL cholesterol for identifying a subgroup of individuals with elevated cardiovascular risk [4, 5] . In this regard, it is clearly important to understand how apoB is upregulated in metabolic syndrome. ApoB is an amphipathic glycoprotein that is synthesized and secreted from the small intestinal and hepatic endoplasmic reticulum (ER) where TG-rich lipoproteins are assembled [6] . Biosynthesis of apoB is modulated by both insulin and metabolic stress signaling [7] [8] [9] . Insulin inhibits apoB expression whereas lipid-induced ER stress increases apoB secretion [7, 10] .
The development of metabolic syndrome is closely associated with the activation of a low-grade, chronic inflammation orchestrated by the metabolic system in response to excessive supply of nutrients, energy, or other metabolites [11] . Ample evidence further shows that lipogenic diets, such as high-fat and high-fructose diets, induce secretion of pro-inflammatory cytokines, TNFα, and IL-6 in humans and animal models [12] . While it is now well appreciated that inflammation significantly contributes to the perturbations of lipid and lipoprotein metabolism observed in obesity and insulin resistance [10, [13] [14] [15] [16] [17] , the underlying mechanism of how inflammatory cytokines regulate the biosynthesis of apoB and overproduction of VLDL is not fully understood.
The acute-phase response (APR) is a systemic inflammatory component of innate immunity [18, 19] . During APR, a series of changes in lipid and lipoprotein metabolism occur, including the increase of VLDL and TG and the decrease of HDL, LDL, and total cholesterol in circulation [20] . ApoB has been proposed to be involved in the acute-phase inflammation. A 3-year follow-up study found that increased plasma ceruplasmin, a positive acute-phase reactant, was associated with an almost three-fold increase in the risk of future major adverse cardiovascular events. The contribution of ceruplasmin to the risk of CVD was associated with abnormal lipoprotein profile and other factors [21] .
The cAMP-responsive-element-binding protein H (CREBH) is an ER-bound transcription factor activated by pro-inflammatory cytokines, including TNFα and IL-1β, and is critical for the active expression of APR genes, such as serum amyloid P-component (SAP) and C-reactive protein (CRP) [22] . Similar to the tissue distribution of apoB, CREBH is dominantly expressed in the liver and small intestine [22] . There is reduced expression of apoB messenger RNA (mRNA) in the fetal livers of CREBH-depleted mice (CREBH-null) as compared to their wild type (WT) littermates [22] . However, whether CREBH directly regulates apoB biosynthesis and how CREBH and apoB contribute to the hyperlipidemia induced by metabolic inflammation remains unclear.
In this study, we hypothesized that CREBH is a transcription factor that positively regulates mRNA and protein expression of apoB and contributes to the metabolic inflammation-induced VLDL overproduction in chronic metabolic disorders. We tested our hypothesis by generating a series of mouse models with metabolic inflammation induced by TNFα, lipopolysaccharide (LPS), and high-fat feeding in the WT and CREBH-null mice. We further used an in vitro cell culture system treated with pro-inflammatory cytokines to corroborate our findings. Our results demonstrate that CREBH is the missing link between metabolic inflammation, hepatic VLDL-apoB overproduction, and hyperlipidemia. This novel finding reveals an unprecedented mechanistic link by which metabolic inflammation activates CREBH to upregulate expression of apoB, which subsequently leads to the abnormal lipoprotein biogenesis that contributes to the hyperlipoproteinemia associated with metabolic syndrome.
Materials and methods

Cell culture, treatments, and transfection
Rat hepatoma cell lines, McA-RH7777 (McA) (ATCC) cells, were maintained in DMEM containing 10% FBS at 37°C, 5% CO 2 , respectively. Cells were seeded 1 day before the treatment. Cells were then fasted for 12 h followed by 20 ng/mL TNFα for 6 h and 12 h treatment. Total RNAs, whole cell lysates, and cell culture media were collected at the end points of each treatment as described below. Plasmid pFlag-CREBH-WT and pFlag-CREBH-DN were kindly provided by Dr. Randal J. Kaufman (Howard Hughes Medical Institute, University of Michigan Medical Center, Ann Arbor, MI, USA) and were previously described [22] . For cell transfection, 2 μg of plasmid DNAs was transfected into McA cells as previously described [10] .
Animal protocols
All animal experiments were approved by the University of Nebraska-Lincoln Institutional Animal Care and Use Committee and were performed conforming to the NIH guidelines (guide for the care and use of laboratory animals). The mice used in this study were 10-16 weeks old. CREBH-null mice with exons 4-7 of the CREBH gene deleted were previously described [23] . The animals were housed on alternating 12 h light and dark cycles with free access to food and water. For high-fat feeding studies, WT and CREBH-null mice were randomly divided into four groups and given either a standard chow (Envigo, Madison, WI #2016), or a HFD (60% caloric from fat, Dyets #103938) for 7 weeks. Upon completion of the 7-week feeding protocol, blood samples and liver tissues were collected for further analysis after 12 h fasting. For TNFα administration experiment, both the WT and CREBH-null mice were divided into two groups and the mice were then fasted overnight for 6 h with free access to water. The mice were treated with either recombinant mouse TNFα (12 μg/200g body weight, ip. injection) or saline control. The plasmas and livers were collected at 5 h post-treatment. For LPS treatment, LPS was suspended in sterile pyrogen-free 0.9% NaCl (Abbott Laboratories, North Chicago, IL). The WT and CREBHnull mice were given a single injection of LPS (2 μg/g body weight, ip.). Food was removed after LPS injection. The plasmas and livers were collected 10 h after LPS treatment for further analysis. Tissue collections were performed at the end points of each experiment, as follows: animals were anesthetized using isoflurane (3% mixed with oxygen), tissues were excised and flash frozen in liquid nitrogen, and the livers were then homogenized in solubilization buffer for further analysis as described previously [24, 25] .
In vivo TG-rich lipoprotein collection assay
The mice were fasted for 12 h and blood was collected via tail vein bleed (100 μL) to determine baseline (0 h) apoB levels. The mice were then administrated a dose of olive oil (200 μL) through oral gavage followed by treatment with 20% poloxamer (500 mg/kg, ip.) at 20 min after fat gavage. Blood was collected at 3 h via cardiac puncture (500 μL). The plasma apolipoprotein levels were determined by immunoblotting analysis.
In vivo VLDL collection assay
The mice were fasted for 5 h and blood was collected via tail vein bleed (100 μL) to determine baseline (0 h) apoB levels. The mice were then treated with 20% poloxamer (500 mg/kg, ip.). Blood was collected at 3 h via cardiac puncture (500 μL). Plasma VLDL-apoB was determined by immunoblotting analysis.
Immunoblot analysis
Immunoblotting was performed as previously described [17] . The following antibodies were used: anti-CREBH (Santa Cruz, USA), anti-apoB, anti-apoE and albumin (Nittobo America), anti-phospho-Stat-3, anti-Stat-3, and anti-CRP (Cell Signaling, USA); all antibodies were used at a final concentration of 0.1-1 μg/mL. After incubation with the appropriate horseradish peroxidase-conjugated secondary antibody (1:5,000 dilution; GE Healthcare, UK), proteins were visualized by enhanced chemiluminescence (ECL) according to the manufacturer's instructions (Amersham Biosciences, Pittsburgh, PA, USA).
Luciferase activity assay
McA cells were co-transfected with a CREBH-WT or a dominant negative function of CREBH (CREBH-DN) cDNA plus the firefly luciferase reporter gene under the control of human apoB gene promoter for 36 h. The cell lysates were examined for firefly luciferase activities using the Dual-Luciferase® Reporter Assay System (Promega) and normalized to renilla luciferase activities as previously described [10] .
Plasma lipid measurement
Plasma TG and cholesterol analyses were performed using an Enzymatic/GPO endpoint method (Pointe Scientific, Canton, MI) as per the manufacturer's instructions and as previously described [17] .
Liver lipid extraction and TG and cholesterol mass measurement
Liver lipid extraction and analysis were performed as previously described [17] . Briefly, approximately 300 mg of liver tissue was added to 20 volumes of 2:1 chloroform:methanol mixture and incubated for 24 h at room temperature. Following the incubation period, 0.2 volumes of 0.9% NaCl was added to the solvent mixture. The samples were thoroughly vortexed, then centrifuged at 2,000 rpm for 3 min. The upper aqueous phase was removed, and the solvent layer was allowed to evaporate. The dried lipid was resuspended in 1 mL of 100% ethanol. TG and cholesterol concentrations were determined using an Enzymatic/GPO endpoint method (Pointe Scientific, Canton, MI) as per the manufacturer's instructions. Lipid data are expressed in milligrams of lipid per gram of liver tissue.
RNA isolation and qRT-PCR
Total RNA was isolated from mouse liver tissues and cells using TRIzol (Life Technologies, Grand Island, NY). First strand cDNA was synthesized with oligo (dT) and random primers using a High-Capacity cDNA Reverse Transcription Kit with RNase Inhibitor (Life Technologies). PCR reactions were carried out using SYBR Green PCR Master Mix (Applied Biosystems, Life Technologies). The relative quantities of mRNA were calculated from threshold cycle (C T ) values with the comparative C T method, using 18S rRNA as an internal reference. Primer sequences are provided upon request.
Statistical analysis
Data obtained by densitometry or fluorography were evaluated using one-way ANOVA (GraphPad Prism 5, La Jolla, CA, USA). Post-test analysis was performed to determine the significance between groups, using unpaired two-way Students t tests. All results are presented as means ± SEM. The asterisks (* or **) indicate statistically significant differences of P < 0.05 or P < 0.01, respectively, compared to control.
Results
CREBH upregulates apoB mRNA expression which facilitates VLDL-apoB secretion
Expression of apoB mRNA in mouse fetal liver was previously reported to be significantly reduced upon depletion of CREBH [22] . This finding prompted us to investigate whether CREBH exerts a regulatory effect on cellular apoB expression. We transfected McA cells, a rat hepatoma cell line, with a plasmid cDNA-encompassed CREBH-WT or a control empty vector (mock) to overexpress CREBH for 48 h. qRT-PCR analysis revealed that cellular apoB mRNA expression was significantly enhanced in the presence of CREBH (Fig. 1a) . In contrast, overexpression of CREBH did not increase mRNA expression of the microsomal triglyceride transfer protein (MTP), an important chaperone involved in apoB lipidation during VLDL assembly (Fig. 1a) . To further investigate whether inhibition of CREBH activity will suppress apoB expression, plasmid cDNAs of CREBH-WT and dominant negative CREBH (CREBH-ND) were transiently expressed in McA cells for 48 h, followed by immunoblotting analysis for the secreted VLDL-apoB in the culture media. As shown in Fig. 1b , secreted apoB was significantly increased in the CREBH-WT-expressing cells compared to that of the mock transfected cells (Fig. 1b) . In contrast, the expression of CREBH-DN inhibited VLDL-apoB secretion (Fig. 1b) . apoB protein signal intensity to loading control protein albumin. c McA cells were co-transfected with a CREBH-WT or a dominant negative CREBH (CREBH-DN) cDNA plus the firefly luciferase reporter gene under the control of human apoB gene promoter for 36 h. The cell lysates were examined for firefly luciferase activities and normalized to renilla luciferase activities. The data represent one out of three independent experiments (n = 6-9/group). The results are shown as mean ± SEM. *P < 0.05 and **P < 0.01 versus controls These data suggest a positive relationship between CREBH activity and the abundance of cellular apoB mRNA and the secretion of VLDL-apoB protein. Sequence analysis identified one or two CRE-binding elements located in the promoter region of mouse and human apoB genes, respectively ( Supplementary Fig. 1 ). To further confirm that CREBH regulates apoB on the transcriptional level, we co-transfected McA cells with the CREBH-WT or CREBH-DN along with a luciferase construct under the control of human apoB gene promoter for 36 h. The luciferase activity was significantly higher in the CREBH-WT transfected cells compared to that of the CREBH-DN transfected cells (Fig. 1c) . This result indicates that overexpression of CREBH-WT stimulated apoBluciferase expression. Together, these data indicate that CREBH positively regulates apoB mRNA and protein expression.
Impairment of CREBH signaling compromises VLDL and chylomicron secretion
To further investigate the association between CREBH and apoB in lipoprotein metabolism in vivo, we determined levels of hepatic apoB mRNA in the WT and CREBH-null mice. Because CREBH is activated by nutritional starvation, we fasted the mice for 12 h prior to harvesting liver tissues to measure the hepatic apoB mRNA. As shown in Fig. 2a , the expression of apoB mRNA was significantly reduced in CREBH-null mice compared to that of their WT littermates (Fig. 2a) . In contrast, depletion of CREBH did not significantly alter MTP mRNA expression (Supplementary Fig. 2 ). To determine whether reduced apoB mRNA in the CREBH-null mice compromises hepatic VLDL biogenesis during the fasting state, two groups of WT and CREBH-null mice were subjected to an in vivo VLDL collection assay as described in BMaterials and Methods^section. This assay uses poloxamer (500 mg/kg, ip.) to inhibit the activity of lipoprotein lipase, which prevents hydrolysis of lipoproteins in circulation. Blood samples were collected at 0 and 3 h after poloxamer treatment. Analysis of the plasma apoB protein levels revealed that expression of apoB protein was comparable between the WT and CREBH-null mice at the baseline (0 h) (Fig. 2b, upper  panels) . Poloxamer treatment induced comparable accumulation of plasma TG and cholesterol in both WT and CREBHnull mice ( Supplementary Fig. 3A and B) . However, plasma VLDL-apoB in CREBH-null mice did not parallel the increase of secreted lipids at 3 h, but instead was significantly reduced compared to that of WT controls (Fig. 2b, lower  panels) , indicating defective VLDL-apoB biosynthesis in the CREBH-null mice. To further investigate the secretion of chylomicrons upon challenging the mice with an acute fat load (a nutritional state that mimics the postprandial period), two groups of WT and CREBH-null mice were given an oral fat load (200 μL olive oil) following a 12 h fast. The mice were then treated with poloxamer (500 mg/kg, ip.) 20 min after the fat load. Blood samples were collected at 0 and 3 h after poloxamer injection. Analysis of the plasma apoB protein levels showed no significant difference in the apoB protein levels between the WT and CREBH-null mice at baseline (0 h) (Fig. 2c) . However, challenging the mice with a fat load markedly increased plasma apoB100 and B48 in the WT mice but not the CREBH-null mice, indicated by the significantly lessened secretion of both apoB100 and B48 (Fig. 2c) . No significant changes were observed in apolipoprotein E (apoE), and another hepatic-secreted protein, albumin (Fig. 2c) . Consistently, the fold change of plasma TG contents in the WT mice was significantly higher than that in the CREBH-null mice (Fig. 2d) . Together, these results show that impairment of CREBH activity inhibits apoB mRNA expression and compromises the assembly and secretion of VLDL and chylomicrons in the fasting state and in response to acute fat challenge.
CREBH mediates the inflammatory signaling pathways involved in overproduction of hepatic VLDL-apoB
CREBH has been shown to be involved in regulation of acute-phase gene expression [22] . To investigate whether CREBH is involved in metabolic inflammation-associated VLDL overproduction and subsequent hyperlipidemia, McA cells were treated for 6 h with TNFα (20 ng/mL), a pro-inflammatory cytokine that is usually elevated in subjects with metabolic syndrome. The expressions of both full-length CREBH (CREBH-F) and activated CREBH N-terminal CREBH (CREBH-N) were significantly induced by TNFα treatment (Fig. 3a) . More importantly, activation of CREBH by TNFα at 6 h posttreatment was followed by a marked increase in cellular apoB mRNA at 12 h post-treatment (Fig. 3a, b) . The increase of apoB mRNA enhanced secretion of VLDL, indicated by a higher level of secreted VLDL-apoB detected in the cell culture media of TNFα-treated cells (Fig. 3c) . To further corroborate the regulatory effect of TNFα on the CREBH-apoB axis, we pretreated two sets of McA cells with TNFα (20 μg/mL) or mock (saline) for 6 h to activate the cellular CREBH. The pretreated cells were then transfected with a luciferase construct under the control of apoB gene promoter. The cells were further incubated with TNFα or mock for additional 36 h. Determination of the luciferase activity showed that TNFα stimulated a significantly higher expression of luciferase activity of apoB reporter compared to the mocktreated cells (Fig. 3d) , indicating that TNFα-CREBH signaling stimulates apoB expression. Together, these data suggest that CREBH may mediate the inflammatory cytokine signaling to overexpression of VLDL-apoB in metabolic inflammation.
Depletion of CREBH diminishes TNFα-induced VLDL-apoB overproduction in vivo
We next employed the CREBH-null mouse model to assess the regulatory role of CREBH on inflammationinduced VLDL secretion in vivo. WT and CREBH-null mice were treated with either vehicle (saline) or recombinant mouse TNFα (12 μg/200 g body weight) following a 6 h fast. The livers were collected 5 h after treatment. TNFα treatment significantly induced mRNA and protein expression of CREBH in the livers of WT mice compared to the vehicle-treated mice (Fig. 4a, b) . Activation of CREBH by TNFα was accompanied by a significant upregulation of apoB mRNA and protein in the WT mice (Fig. 4c, d ).
In contrast, TNFα failed to enhance apoB expression in CREBH-null mice (Fig. 4c, d ), suggesting that CREBH is integral in mediating the regulatory effect of TNFα on apoB mRNA transcription. Upon examining the liver lipid contents, we found that TNFα induced significant accumulation of TG, but not cholesterol, in both WT and CREBH-null mice (Fig. 4e, f) . The increases of both apoB and lipid substrates resulted in increased secretion of plasma VLDL-apoB in the WT but not the CREBHnull mice ( Supplementary Fig. 4 ). These observations further support the notion that depletion of CREBH compromises hepatic apoB mRNA and protein expression, leading to defective VLDL assembly and secretion in response to pro-inflammatory cytokine TNFα treatment. The CREBH-apoB signaling pathway mediates metabolic inflammation induced by LPS and HFD to VLDL overproduction Bacterial LPS are capable of activating the APR, and CREBH has been reported to mediate LPS-induced acute-phase gene expression, including SAP and CRP [26] . Plasma LPS are moderately increased with consumption of HFD and are partially responsible for the development of HFD-induced metabolic syndrome [27] . To determine the potential role of the CREBH-apoB axis in LPS-and HFD-induced metabolic inflammation and the subsequent systemic hyperlipidemia, we treated WT and CREBH-null mice with vehicle (saline) or LPS (2 μg/g body weight) and collected livers 10 h after treatment. Analysis of hepatic CREBH showed that LPS treatment induced CREBH mRNA and protein expression (Fig. 5a,  b) , which was associated with a significant upregulation of apoB mRNA in WT mice (Fig. 5c) . In contrast, in CREBHnull mice, the apoB mRNA expression was not induced by LPS (Fig. 5c) , indicating that an intact CREBH is essential for hepatic apoB mRNA expression in response to LPS treatment.
Next, we wanted to assess the impact of CREBH on HFDinduced hyperlipidemia. We fed the WT and CREBH-null mice with either chow or HFD (60% caloric from fat) for 7 weeks. High-fat feeding induced significant elevation of plasma TNFα in the WT mice (WT/HFD) compared to the chow-fed WT mice (WT/Chow) (Fig. 6a) . CREBH knockout diminished the responsive induction of TNFα in response to HFD (Fig. 6a) . This phenotype was associated with significant upregulation of hepatic CREBH mRNA and apoB protein expression in the WT but not the CREBH-null mice (Fig. 6b, c) . HFD further activated the hepatic de novo lipid synthesis in both WT and CREBH-null mice, evidenced by the accumulation of TG and cholesterol in the hepatocytes (Fig. 6d) . Increased hepatic lipid substrates usually would enhance assembly and secretion of VLDL into the circulation. However, this phenotype was observed only in the WT mice (Fig. 6e) . In the CREBH-null mice, despite the higher lipid levels in the hepatocytes, plasma VLDL-apoB was not increased in parallel (Fig. 6e) , suggesting a lack of proper VLDL assembly and secretion. Because CREBH has been reported to enhance the expression of APR genes, such as CRP and SAP [22] , we then tested the association between CREBH, For thirty-six-hour post-transfection, the cell lysates were examined for firefly luciferase activities and normalized to renilla luciferase activities. The data represent one out of three independent experiments (n = 6-9/group). Right panels in a and c show quantification of CREBH or apoB protein signal intensity to loading control proteins. The results are shown as mean ± SEM. *P < 0.05 and **P < 0.01 versus controls apoB, and CRP in HFD-induced chronic metabolic inflammation. Measuring the plasma CRP showed that HFD induced a significant increase of CRP in the WT mice ( Supplementary  Fig. 5A ). Knockout of CREBH reduced the plasma CRP levels, which remained at these lower levels when challenged with an HFD (Supplementary Fig. 5A ). These changes were similar to the pattern of plasma VLDL-apoB. Also investigated was whether the important acute-phase transcription factor Stat3 [28] plays a role in the CREBH-apoB signaling. CREBH depletion diminished HFD-induced Stat3 phosphorylation ( Supplementary Fig. 5B ), suggesting that full activation of Stat3 depends on an intact signaling of CREBH. Together, these data suggest that CREBH depletion diminished metabolic inflammation induced by LPS and HFD. Reduced hepatic apoB biosynthesis and subsequent defective VLDL-apoB secretion in CREBH-null mice were associated with downregulation of plasma CRP in response to nutritional lipid overload.
Discussion
Chronic metabolic diseases, including obesity, insulin resistance, and diabetes, are commonly associated with chronic inflammation and hepatic overproduction of apoB, leading to pathological lipoprotein profiles such as VLDL overproduction and hyperlipidemia. Although perturbations of hepatic apoB metabolism have been well-accepted as a key contributing factor for the aberrant secretion of VLDL, the mechanistic link between metabolic inflammation and apoB overproduction is largely unknown. The assembly and secretion of VLDL take place in the hepatic ER and are regulated by multiple metabolic factors, including the abundance of apoB, the activity of MTP, and the availability of lipid substrates [29] . It is generally thought that under most metabolic stimuli, VLDL-apoB secretion is regulated posttranscriptionally [30] , either through stabilization by binding to lipid substrates or degradation by proteasomal pathways [31] . In this study, we identified CREBH as the first cellular transcription factor that enhances apoB mRNA expression and translation via association with the CREbinding element in the promoter region of the apoB gene. We also showed for the first time that maintaining proper activity of CREBH is essential for VLDL-apoB biosynthesis and the subsequent transportation of lipids from hepatocytes to the circulation under physiological conditions. This is essential for maintaining hepatic lipid metabolic homeostasis in both fasting and postprandial states. When CREBH is constantly hyperactivated, such as during insulin resistance and metabolic inflammation, it enhances transcription and translation of hepatic apoB, leading to pathologic overproduction of VLDL and hyperlipidemia. This notion was further supported by the evidence obtained from CREBH-null mice, which showed that genetic depletion of CREBH significantly diminished the secretion of VLDL-apoB from hepatocytes in response to the inflammatory stimuli induced by TNFα and high-fat feeding, leading to lipid accumulation in the liver.
In addition to serving as a central organ for lipid metabolism, the liver also functions as an important constituent of the immune system in systemic inflammatory response. The hepatocytes are the major source of acute-phase proteins, the production of which is controlled by a variety of different cytokines released during the inflammatory process [28] . The Stat3-and NFκB-mediated signal transductions are critical components in the complex processing of intracellular signaling events. The expression of a subset of APR genes, including fibrinogens, α 2 -macroglobulin, or α 1 -antichymotrypsin, strictly depends on Stat3. This study identified the association of Stat3 with the CREBH-apoB axis and found that Stat3 is downstream of CREBH in the context of this work. How CREBH regulates expression of Stat3 and whether Stat3 plays a role in VLDL-apoB metabolism during metabolic inflammation requires further investigation.
APR induced by infection and inflammation causes a multitude of changes in the structure, composition, and function of lipoproteins. Many of these changes are similar to those observed during metabolic inflammation, which may be due to the likeness of the induced inflammatory cytokine profiles in these two inflammatory responses. CREBH has been shown to directly activate the transcription of acute-phase genes encoding SAP and CRP upon exposure to the proinflammatory cytokines IL-1β and IL-6 [22] . Although apoB has not been classified as an APR gene, an early and consistent increase of plasma VLDL has been observed during APR [32, 33] . Our study demonstrated that the CREBH-apoB axis is the signaling pathway that, at least partially, mediated upregulation of VLDL in APR induced by TNFα and LPS. In addition, this signaling pathway is also involved in mediating chronic metabolic inflammation that induces VLDL overproduction. Our group previously demonstrated that constant overproduction of apoB in hepatocytes stimulated by an atherogenic diet directly provokes hepatic ER stress and may Fig. 5 The CREBH-apoB signaling pathway mediates LPSinduced inflammation to VLDL overproduction. LPS was suspended in sterile pyrogen-free 0.9% NaCl. WT and KO mice were given a single dose of LPS (2 μg/g body weight) or control vehicle (saline) through ip. injection. Liver tissues were collected 10 h after LPS treatment and total RNA and liver lysates were prepared for analysis as follows. a and b mRNA and protein levels of CREBH in the vehicle or LPS-treated WT mice. Right panel shows quantification of CREBH-N protein signal intensity to loading control protein β-actin. c mRNA expression of apoB in the WT and KO mice treated with vehicle or LPS. The results are shown as mean ± SEM, n = 5-6/group. *P < 0.05 versus controls contribute to the onset of hepatic insulin resistance [10] . CREBH is activated by ER stress [22, 34] . Therefore, a vicious cycle among metabolic inflammation, CREBH activation, VLDL overproduction, and ER stress could be developed, resulting in worsening of metabolic disorders.
CREBH is expressed dominantly both in the liver and small intestine. A recent study reported that overexpression of CREBH in the intestine prevents high-cholesterol diet-induced hypercholesterolemia by reducing Npc1l1 expression [35] . Thus, studying the impact of CREBH on VLDL biosynthesis in the intestine-specific or liver-specific CREBH knockout mouse model may provide further insight into the association between CREBH and lipoprotein metabolism. In summary, this study demonstrated that the cAMP-signaling molecule CREBH transcriptionally regulates hepatic VLDL overproduction, which contributes to the hyperlipoproteinemia in metabolic inflammation-associated disorders. This novel finding broadens the well-accepted concept that cellular abundance of apoB is regulated primarily at the co-and posttranslational levels, as it demonstrated that expression of apoB is also regulated at the transcriptional level, at least in a state of metabolic stress. This novel mechanistic insight provides evidence that manipulating the CREBH-apoB axis may be effective in preventing and treating hyperlipidemia in metabolic syndrome. Fig. 6 The CREBH-apoB signaling pathway mediates metabolic inflammation induced by HFD to VLDL overproduction. WT and KO mice were fed with either a chow or a HFD (60% caloric from fat, Dyets #103938) for 7 weeks. Blood samples and liver tissues were collected at the endpoint for analysis. a Immunoblotting of plasma TNFα. b mRNA expression of hepatic CREBH in the chow or high-fat fed WT mice. c Immunoblotting of apoB in the liver tissues of WT and KO mice fed chow or HFD. d TG and cholesterol contents in liver tissues. e Immunoblotting of apoB100 and B48 in the plasmas of WT and KO mice fed a chow or a HFD. Right panels in a, c, and e show quantifications of TNFα or apoB protein signal intensity to the control proteins. The results are shown as mean ± SEM, n = 5-6/group. *P < 0.05 versus controls
